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Definitions

Basic POPs Include: Organochlorine pesticides (aldrin, chlordane, DDT, diel-
drin, endrin, heptachlor, hexachlorobenzene, mirex, toxaphene)
and polychlorinated biphenyls

Dioxin-like POPs Include 29 congeners that were assigned a TEF by WHO/IPCS ex-

pert group, namely polychlorinated dibenzo-para-dioxins, poly-
chlorinated dibenzofurans, and polychlorinated biphenyls
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Summary

The first worldwide interlaboratory study on persistent organic pollutants (POPs) under the
Stockholm Convention was organised in the Asian/Pacific region. In addition to Asian
laboratories, several laboratories from OECD countries participated. The participating
laboratories had a choice to analyse different matrices: two test solutions, a fish sample, a
sediment, a fly ash and a human milk sample. In total, 38 laboratories from Asia, Europe
and North America participated in the present study. Of these, 35 laboratories submitted
data on the test solutions (either for basic POPs or for dioxin-like POPs), 30 on the sedi-
ment, 20 on the human milk, 24 on the fish and 24 on fly ash. All results were statistically
evaluated according to the procedures used in the QUASIMEME proficiency testing
scheme.

The best results were obtained for the test solutions, and, as regards to chemical com-
pounds, for PCDD/PCDF. The fish sample was the most difficult matrix for the partici-
pants as were the OCP as a compound class. In general the results for the dioxin and di-
oxin-like PCB were good and in agreement with and in some cases better than reported for
this complex analysis. The uncorrected TEQpcpp/pcpr values had an RSD of 29 % for the
human milk sample, whereas the uncorrected RSDs for OCP and some PCB were often
higher than 100 %. This result was also true for the fish matrix, in which the TEQpcpp/pcpr
showed an RSD of 33 %. For indicator PCB and OCP results were comparable to an ear-
lier, smaller interlab study organised by a UNEP/GEF project for the Stockholm Conven-
tion during a pilot project on capacity building.

This intercalibration study showed that further analytical improvement is required for es-
pecially organochlorine pesticides and PCB since analysis of the core matrices in the
Global Monitoring Programme under the Stockholm Convention, human milk and air sam-
ples, are even more demanding than those used in this study. This emphasises the need for
all laboratories to pay more attention to quality assurance (QA) and method development.
Clearly, the use of labelled standards and GC/MS is a key factor in decreasing variation be-
tween the laboratories, as is shown for the PCDD/PCDF results.

Somewhat surprising is the fact that a larger number of laboratories reported data for the
PCDD/PCDF and dioxin-like PCB than for the marker PCB and organochlorine pesticides
(except for DDTs in sediment). The analysis of pesticides is generally considered to be less
complicated and less complex instrumentation is needed. However, among the 38 laborato-
ries, only very few used low resolution GC/MS systems or GC/ECD. Several participants
represent national expert laboratories with access to high resolution GC/ high resolution
MS systems optimised for dioxin analysis. This specialization might explain the relatively
large variation observed for the pesticide analysis where all types of detectors were used
(ECD, LRMS, and HRMS).
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1. Introduction

Within the framework of the United Nations Environment Programme’s (UNEP) Capacity
Building project for training of laboratory staff on persistent organic pollutants (POP)
analysis in developing countries, the Institute for Environmental Studies of the VU Univer-
sity Amsterdam, The Netherlands (IVM) and the MTM Research Center, School of Sci-
ence and Technology at the University of Orebro, Sweden, have organised the First
Worldwide UNEP Interlaboratory Study on Persistent Organic Pollutants (POPs). The first
phase of this study was financed by the Norwegian Government and was conducted in
Asia. In addition to the developing countries from Asia-Pacific, POPs laboratories from
developed countries were invited to participate as wel. The results of the study are pre-
sented in this report. The POPs studied included polychlorinated-p-dibenzodioxins
(PCDD), polychlorinated dibenzofurans (PCDF), polychlorinated biphenyls (PCB) and the
organochlorine pesticides (OCP), i.e., DDT and metabolites, mirex, dieldrin, endrin, aldrin,
chlordanes, hexachlorobenzene, heptachlor and cis-heptrachlorepoxide. Toxaphene was not
included since no or only limited capacity was available among the participating laborato-
ries.

In total, five matrices were offered for analysis: Standard solutions for POPs pesticides,
for indicator PCB, and for dioxin-like POPs, sediment, fish, fly ash (for dioxin-like POPs
only), and human milk. The test solutions in amber glass ampoules with the target com-
pounds in unknown concentrations were sent to the participating laboratories. The sedi-
ment was air-dried, the fish consisted of a freeze-dried samples, and the human milk was
homogenised and frozen before shipment.

Thirty eight laboratories from 13 countries participated (see Appendix 1 for their names
and addresses as well as the abbreviations (codes) that have been used throughout this re-
port). All codes are confidential and are only revealed to third parties after permission of
the participant.

In the following chapters the results of the study will be discussed. The final chapter covers
general conclusions and recommendations.
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2. Materials and Methods

2.1 Preparation of the test samples

The ash sample was a fly ash sample from a MSWI incinerator from Sweden taken after
the bag house filter and wet scrubber. The ash was used as received (dry) and homogenised
at the MTM Research Center at the Orebro University. The ash contained medium levels of
the target compounds except for the pesticides which were not present in this ash sample.

The sediment originates from Norway and was air-dried at 40 °C and sieved (0.5 mm pore
size). After homogenisation, individual plastic containers were filled with the test matrix
and stored at room temperature until shipment.

The fish sample consists of a freeze-dried fish sample from the Great Lakes, made avail-
able by Dr. Eric Reiner from the Ontario Ministry of Environment, Laboratory Services
Branch, Ontario, Canada.

The human milk sample consisted of pooled, homogenised milk from the Swedish mother
milk bank in the Stockholm area. The milk samples were frozen and stored at -20 °C be-
fore shipment.

Standard 1A consisted of a mixture of PCDD/PCDF and dl-PCB in the concentration range
from 10 pg/ul to 500 pg/pul (ng/ml). This standard was prepared, ampouled and labelled by
Wellington Laboratories (Guelph, Ontario, Canada).

Standard 1B consisted of a mixture of the indicator PCB (PCB 28, 52, 101, 138, 153 and
180) in the concentration range from 0.1 ng/ul to 5 ng/ul (ug/ml). This standard was pre-

pared, put into ampoules and labelled by Wellington Laboratories (Guelph, Ontario, Can-
ada).

Standard 1C consisted of a mixture of organochlorine pesticides (OCP) in the concentra-
tion range from 10 pg/ul to 50 pg/ul (ng/ml). This standard was prepared by IVM from a
standard solution obtained from Cambridge Isotope Laboratories (Andover, USA). After
preparation, the aliquots were ampouled, labelled and stored at room temperature. The
OCP present in the solution were HCB, aldrin, dieldrin, endrin, p,p’-DDT, p,p’-DDE, p,p’-
DDD, o,p’-DDT, 0,p’-DDE, 0,p’-DDD, trans-chlordane (gamma), cis-chlordane (alpha),
trans-nonachlor, cis-nonachlor, oxychlordane, heptachlor, trans- heptachloroepoxide
(HEPO), cis-HEPO, mirex, a-HCH, B-HCH, y-HCH, 6-HCH. Although present, the HCHs
were not part of the study study since they are not included in the list of the initial twelve
POPs under the Stockholm Convention at the start of this study.

The fish, human milk and ash samples and standards 1A and 1B were distributed by MTM,
whereas the sediment sample and standard 1C were distributed by IVM.

2.2 Methods used by participants

The participants were not restricted in the methodology used for the analysis of the target
compounds in this first UNEP intercalibration study. Although it is for example advisable
to analyse dioxin-like POPs (i.e., PCDD, PCDF, dI-PCB) with gas chromatography (GC) -
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high resolution mass spectrometry (HRMS) systems, also results from low resolution mass
spectrometry (LRMS) instrumentation was accepted. The use of ‘high resolution’ capillary
GC is considered mandatory to achieve the separation needed for an accurate determination
of the analytes. The laboratories used their own sample extraction and clean-up protocols,
spiking schemes and internal QA/QC. The reporting forms for the different classes of
chemicals and the different matrices prepared in Microsoft EXCEL were used by all par-
ticipating laboratories to submit their results.

For the analysis of the PCDD/PCDF and dI-PCB most laboratories used GC-HRMS sys-
tems but three laboratories used GC-LRMS systems. Also, the majority of the labs used
three columns to clean-up the samples after extraction: a multi-layer silica, an alumina ox-
ide (Alox) or Florisil column and a carbon-based column. Several labs used an automated
clean-up system where these three columns are incorporated. A few GC-HRMS labs did
not use all clean-up columns and for example the Alox or the carbon column was omitted
from the sample clean-up procedure. The fly ash samples were often treated with acid be-
fore (warm) Soxhlet extraction or pressurized extraction systems (such as accelerated sol-
vent extraction, pressurized liquid extraction or similar systems) using toluene or toluene
based mixtures. Only one laboratory used dichloromethane as the extraction solvent. Also
for the sediment sample, Soxhlet and pressurized extraction systems were used with tolu-
ene or dichloromethane/hexane mixtures.

The freeze-dried fish sample was extracted by pressurized extraction systems, Soxhlet or
liquid/liquid extraction (e.g., after KOH/ethanol decomposition of the sample). A large va-
riety of extraction methods were used for the milk samples ranging from liquid/liquid to
supercritical fluid extraction after mixing with an absorbent or pressurized extraction sys-
tems or Soxhlet extraction.

Only a limited number of labs analysed the seven indicator PCB in the ash samples using
similar clean-up steps as for PCDD/PCDF and dI-PCB (Soxhlet, multilayer silica and or
Alox) and detection using GC-HRMS. A variety of GC columns with different polarity or
dimensions for optimal separation were used. One laboratory used a GC/ECD system for
the indicator PCB in ash.

Methods to analyse the sediment for basic POPs did not show much variation: most labo-
ratories used GC/LRMS and two labs used ECD. The marker PCB in the fish and the milk
sample were extracted by liquid/liquid, Soxhlet and pressurized extraction systems and fat
removal was achieved by multi-layer silica, gel permeation or concentrated sulphuric acid
(H2S04). Again both GC/ECD (two labs) and GC-HRMS was used for detection, surpris-
ingly no data were acquired using a GC/LRMS system. For the submitted data it was not
clear if the marker PCB were analysed together with the dI-PCB, as a separate fraction
apart from the dioxin analysis or by applying a complete separate extraction and clean-up
procedure.

The analytical procedures to analyse the pesticides varied widely from using
HRGC/HRMS, HRGC/LRMS to GC/ECD to detect the target compounds. Again, in sev-
eral cases it was not clear from the data if a combined or separate pesticide analyses was
performed.
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Surprisingly several labs used GC/HRMS to analyse the pesticides, if we assume that this
was reported correctly (in the method information section of the report forms). This is an
interesting development and seems to be characteristic in the Asian region where GC-
HRMS capacity seems to be available in large numbers. For all samples, a wide variety of
sample extraction and clean-up methods were used including Soxhlet, pressurized extrac-
tion systems, liquid/liquid, ultrasonic extraction, GPC, multilayer silica, alumina and
Florisil.

2.3 Data Assessment

The data assessment was carried out according to the principles employed in the data as-
sessment of the QUASIMEME proficiency testing organisation (www.quasimeme.org). All
data received from the participants were entered into a database and assessed using a stan-
dard procedure to allow direct comparison between participants. The approach of the as-
sessment is based on the standard, ISO 13528 (2005), the IUPAC International Harmonised
Protocol for Proficiency Testing (Advanced Draft) by Thompson et al.. (2006). Additions
or differences in the assessment from these standards are given or referred to in this report.
However, the assigned value and the laboratory assessment using z-scores are based on the
Cofino Model (Cofino et al., 2000).

Comparison between the robust statistics method for calculation of a mean and the Cofino
model continues to be made, and where there are any significant discrepancies between the
two methods, further investigative analysis was undertaken. The Cofino model is generally
able to separate the effects of the method on the results and provide a more reliable esti-
mate of the measurement relating to the method. The standard, ISO 13528, includes statis-
tics for proficiency testing schemes, and uses robust statistics as a basis for the assessment.
However, it is generally acknowledged that robust statistics cannot cope with more than

10 % extreme values, particularly with a skewed distribution. The Cofino model is able to
routinely cope with these types of distribution and provide the best estimate of the consen-
sus value, which may be used as the assigned value.

The Cofino model has been developed for the routine QUASIMEME assessments. The
Cofino model uses a Normal Distribution Assumption (NDA). The assigned value is based
on the Cofino NDA model without any trimming of the data. This approach includes all
data in the evaluation and no subjective truncation or trimming is made. This model has
been further developed to include Left Censored Values (LCV)". The development of
these models has been fully documented and published (Cofino et al., 2000; Cofino et al.,
2005; Wells et al., 2004). An overview of the assessment with explanation and examples is
given in the Assessment Rules for the Evaluation of the QUASIMEME LP Studies Data
(Wells and Scurfield, 2004).

The details of the Cofino Model were provided elsewhere (Wells et al., 2004; Wells and
Scurfield, 2004) but in summary, the approach is as follows:

e All data included in the assessment

e No data trimmed or down weighted

1 Left Censored Values is the correct nomenclature for “less than” values
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e Assigned values (AV) based on Cofino NDA model

e All LCV are also included, provided certain criteria are met

2.3.1 Plots

The performance of the laboratories in this study is illustrated in the z-score histograms.
Where the assigned value for an analyte is indicative, the values are plotted as their original
reported concentrations. The rules for confirming whether the consensus value should be
an assigned value or an indicative value are given in the Assessment Rules for the Evalua-
tion of the QUASIMEME LP Studies Data (Wells and Scurfield, 2004) with relevant ex-
amples.
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2 2 ’ ;
.
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Figure 1.  Graphical output of the Cofino Model statistics for PCB 138 in the fish sample.

Normally, four plots are given for each analyte (Figure 1). The upper left plot provides an
impression of the probability density function (PDF) for all data (black) and for the first
mode (blue dotted) (PMF1) of the data. Superimposed on these PDFs is a histogram of the
individual measurements, given in grey. This plot shows the distribution of the data as a
whole, and of the data in the main mode (PMF1) on which the assigned value is based.

The “Kilt Plot” (Overlap Matrix) (upper right plot) provides an overview of the degree of
overlap of each pair of data. It gives a clear indication of the degree of homogeneity of the
data. As a key, the white areas indicate maximum overlap of the PDFs and, therefore,
highest agreement (an overlap of one implies that the two laboratories of the pair report ex-
actly the same results), while the black area show the pairs in poor agreement.
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The lower left plot is a ranked overview of all data with an error bar of + 2 SD. The nu-
merical values are given in blue and the left censored values are given in red.

The ranked z-score plot (lower right) is based on the mean of the data, which is normally
also the assigned value. However, if there is any adjustment required to the assigned value
as a result of the assessment, €.g., use of the nominal concentration or a trimmed value,
then the final z-score given in the z-score histograms will reflect these changes. In this
study, no such adjustments are made and therefore, the z-score plot (lower right) is the
definite plot for obtaining the individual lab z-scores.

2.3.2 The Assigned Values and indicative values

The Assigned Value (AV) is obtained from the main mode of the data using the Cofino
Model (bleu dotted line in upper left panel in Figure 1), and is centered around the highest
density of values. Unless otherwise stated, the assigned value is based on this consensus
value of all data. Although all data are included in the assessment, those values that lie
some distance from AV contribute less to the mean than values, which occur at or near the
mean.

In some instances, it is not possible to set an AV, and an indicative value is given. No as-
sessment of laboratory performance is given where an indicative value is set. An overview
of the assessment, with explanation, decision flowcharts and examples, is given in the pa-
per Assessment Rules for the evaluation of the QUASIMEME Laboratory Performance
Studies Data, available on the QUASIMEME website, www.quasimeme.org. A summary
of the categories is given below:

Category 1
For data with the number of numerical observations > 7

An assigned value is based on the mean when > 33 % of values have a z-score of |z| < 2.
Where < 33 % of the data have |z| <2 the value is indicative, i.e., at least 33 % must be in
good agreement.

Category 2
For data with the number of numerical observations > 3 and <7

An assigned value is based on the mean when > 70 % of values have a z-score of |z| <3
and a minimum of 4 observations have |z| <2. Otherwise, the value is indicative. i.e., for
small datasets, n > 3 and n < 7, there needs to be very good agreement and a maximum of
one extreme value before an assigned value can be given.

Category 3
For data with the number of numerical observations < 4

No assigned value is given. Normally the median value is given as an indicative value.
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Category 4

For data with the high Total Error% >100 % in combination with bad performance, no as-
signed value is given.

2.3.3 The z-score Assessment

A z-score (Thompson and Wood, 1993) is calculated for each participant’s data for each
matrix / analyte combination which is given an assigned value. The z-score is calculated as
follows:

Mean from Laboratory - Assigned Value

Z-score =
Total Error

It is emphasized that in many interlaboratory studies the between-laboratory standard de-
viation obtained from the statistical evaluation of the study is used as ‘total error’ in the
formula above. In the QUASIMEME data assessment, the total error is estimated inde-
pendently taking the needs of present-day international monitoring programs as starting
point. For each analyte in a particular matrix, a proportional error (PE) and a constant error
(CE) have been defined. The total error depends on the magnitudes of these errors and on
the assigned value:

Assigned Value x Proportional Error (%)
100

Total Error = + 0.5 x Constant Error

The values for PE and CE are set by the QUASIMEME Scientific Assessment Group and
are monitored annually. The values are based on the following criteria:

- Consistency of the required standard of performance to enable participating laborato-
ries to monitor their assessment over time.

- Achievable targets in relation to the current state of the art and the level of performance
needed for national and international monitoring programmes.

The assessment is based on ISO 43 as z-scores. The QUASIMEME model is designed to
provide a consistent interpretation over the whole range of concentration of analytes pro-
vided, including an assessment where Left Censored Values (LCVs) are reported.

The PE in this study is set at 12.5 % for all matrices. This applies to all analytes. The CE
has been set for each analyte or analyte group (e.g., polychlorinated biphenyls). This value
was initially set to reflect the limit of determination, but is at present more closely related
to the overall laboratory performance. The magnitude of the CE is set to provide a con-
stant assessment in terms of z-score regardless of concentration. Therefore, at low concen-
trations the level of accuracy required to obtain a satisfactory z-score is less stringent than
at a high concentrations.

Following usual practices €.¢., [ISO 43, the z-scores can be interpreted as follows for labo-
ratories which take part in QUASIMEME to assure the quality of their data for use in in-
ternational marine monitoring programmes:
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|z| <2 Satisfactory performance
2<]z| <3 Questionable performance

|z| >3 Unsatisfactory performance

The following figure illustrates the interpretation of the z-scores:

Questionable
performance

— T

Unsatisfactory Satisfactory Unsatisfactory
performance performance performance
— < —_—
@

AV-3*TE Assigned AV+3*TE
Value (AV)

AV-2*TE AV+2*TE

TE : total error

|z| > 6 frequently points to gross errors (mistakes with units during reporting, calculation or
dilution errors, and so on).

It is not possible to calculate a z-score for left censored values (LCVs). Quasimeme pro-
vides a simple quality criterion:

LCV/2 < (concentration corresponding to |z|=3): LCV consistent with assigned value

LCV/2 > (concentration corresponding to |z[=3): LCV inconsistent with assigned value, i.e.
LCV reported by laboratory much higher than numerical values reported by other laborato-
ries.

z score key: S — Satisfactory
Q — Questionable
U — Unsatisfactory
LCV key: C — Consistent
I — Inconsistent

No data: B - Blank
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3. Results

The submitted results have been evaluated statistically and whenever the data met the re-
quirements (as mentioned in chapter 2), an assigned value was established. z-scores were
calculated based on the assigned value. Summary of the assigned values and the percentage
of satisfactory to unsatisfactory z-scores are presented in the chapter “Results 1% UNEP
Intercalibration Study — Asia Region” in tabular form.
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4. Discussion

In total 38 laboratories from Asia, Europe and North-America participated in the present
study. Of these, 34 laboratories submitted data on the test solution, 30 on the sediment, 20
on the human milk, 23 on the fish and 24 on fly ash.

Interlaboratory studies can provide some explanations of the relationship between the
methods used and the results obtained. Unfortunately, poorly performing laboratories are
often confronted with multiple difficulties, which makes it difficult to determine the exact
sources of error. The present results and draft report were presented at a UNEP regional
workshop in Hong Kong, SAR, China, in February 2010 where the Asian and all partici-
pating developing country laboratories were invited. During the meeting the participants
evaluated their own performance and improvement of methodology. During a pilot project
on capacity building, a few of the laboratories that participated in this study received train-
ing in analysis of POPs in biota and sediments. These laboratories also participated in a
first interlaboratory study on PCB, PCDD/PCDF and OCP analysis.

Twenty-four laboratories originate from Asia (China, Malaysia, India and Vietnam) and 14
laboratories were based in OECD countries. The differences between reference laboratories
in OECD countries and in developing countries were small. Of the fifteen laboratories per-
forming poorly (< 60 % satisfactory z-scores), six were OECD countries. On the contrary,
eight out of eleven best performing laboratories (> 90 % satisfactory z-scores) were non-
OECD countries.

4.1 Methodological considerations

An overview of methods used by participants is presented in Chapter 2 and Appendix 2. It
can be challenging to identify trends in an interlaboratory study dataset and to explain the
underlying methodological causes. The number of laboratories submitting results for each
group of contaminants, the concentration of the test material, and variations in the analyti-
cal methods used by the participants, are some of the factors that may blur the interpreta-
tion of the outcome (de Boer and Wells, 2006). Calculation and dilution errors are other
factors that may impede the understanding of the data, and may be difficult to detect.
Nonetheless, based on the results and previous experience with interlaboratory studies,
several problems could be elucidated.

POPs in mother’s milk and fish tissue are presented on a lipid weight basis. The interlabo-
ratory comparison of lipid weight concentrations is vulnerable to interlaboratory variation
in determination of lipid content (Miskiewicz and Gibbs, 1992). Furthermore, the combina-
tion of high lipid content and low concentrations tend to cause higher RSD values (de Boer
and Wells, 2000).

Most of the laboratories that participated in the present study reported fairly consistent
lipid contents, both in milk and fish. However, two laboratories reported values deviating
one order of magnitude from the others. In an interlaboratory study on brominated flame
retardants, the authors suggested that a high variability in lipid content occurred because
the laboratories did not adapt standard analytical protocols to the new matrices (de Boer
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and Wells, 2006). When organising an interlaboratory study precaution should be made to
reduce the variability in determination of lipid content as it may hamper interlaboratory
comparison using lipid based concentrations.

4.2 Laboratory performance on various matrices

As presented in the chapter “Results”, there was a high variability between matrices. This
can also be seen from the number of laboratories with satisfactory z-scores, as shown in
Figure 2.

100 -

B PCDDs/PCDFs mdI-PCBs m PCBs m OCPs

Test solution Sediment Milk Fish Fly ash

Figure 2.  Percentage of laboratories with satisfactory z-scores (i.e., z< + 2) for OCP,
PCB, PCDD/PCDF and dI-PCB in the test solution, sediment, milk, fish and
fly ash.

The overall performance of labs measuring the test solution (certified standard solution)
was satisfactory. In average 90 % of laboratories reported an acceptable z-score (£2) for
this matrix. In average, 67 % of all contaminants reported were within = 10 % of target
value, whereas 98 % were within £ 20 % of the target value. The RSD values for most of
the contaminants were 10 %-20 %, thus suggesting that factors associated with calibration
(standards, calibration curves, storage of standard solutions, etc.) are satisfactory.

Five percent of the test solution data was found unsatisfactory (z-score > 3). In compari-
son, between 59 %-64 % of laboratories reported acceptable z-scores for sediment, fish and
milk. Between 10 %-22 % of the data on these matrices had an unsatisfactory z-score. For
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the laboratories analysing fly ash, in average 75 % of the dI-PCB and PCDD/PCDF data
was found acceptable. This shows that analysis of real matrices is more complex and re-
sults in a higher variety of the results.

In sediment, particular difficulties were seen for the lower chlorinated PCB and OCP (RSD
> 200 %).

Better results were obtained for PCDD/PCDEF. The PCDD/PCDF were present in lower
concentrations (2-3 orders) compared to the PCB and OCP. However, due to the use of
HRMS this did not cause any problems for the labs, on the contrary, the use of HRMS im-
proved the results. The results for the standard solution were very good with an RSD of
only 8 % for the total TEQ. The PCDD/PCDF results were also good for both the ash and
sediment samples based on the total TEQ showing RSD of 24 % for both matrices. The
PCDD/PCDF results for the total TEQ for the fish sample was satisfactory (33 %) taking
all entries into account, after removing one extreme outlier this RSD improved to 18 % for
the remaining 12 laboratories, which is exceptional good for this complex analysis. The
same is applicable on the milk sample where the RSD for the total improved from 53 % for
all 12 participating laboratories to 13 % after removing two outliers. This is all in agree-
ment or in some cases better than reported in the literature when more than 15 years of ‘di-
oxin’ QA/QC studies were evaluated to establish ‘fit for purpose’ RSDs (van Bavel et al.,
2008).The RSD values for PCDD/PCDF and higher chlorinated PCB in milk were far bet-
ter. In fly ash the PCDD/PCDF RSD values were found acceptable, whereas the individual
dI-PCB showed larger variation due to some extreme outliers (RSD > 300).

OCP and PCB RSD values were in the range of 50 %-150 %. The fish sample was the ma-
trix with the highest lipid content. In another matrix with a relatively high lipid content,
milk, difficulties were particularly associated with OCP (RSD 100 %-200 %) and lower
chlorinated PCB (100 %-300 %), suggesting errors associated with clean-up of the sam-
ples.

In average 59 % of the laboratories submitted test solution data, whereas 54 % submitted
data on fly ash. Between 29 %-41 % of the laboratories submitted data on the other three
matrices; sediment, milk and fish.

There was no clear indication of a “Horwitz trend” in the dataset, i.e., lower concentrations
inducing higher RSD values (Horwitz, 1980). Not even when PCDD, PCDF and dI-PCB
were removed, i.e., compounds analysed using internal standards, any Horwitz trend was
detected. On the contrary, there appeared to be a greater bias for herring tissue and milk
with relatively high concentrations, than for sediment and fly ash. A similar trend was
identified in a previous interlaboratory study analysing sediment, herring and a test solu-
tion in seven developing countries (de Boer et al., 2008). Milk and herring are more diffi-
cult to analyse, mainly due to their relatively high lipid content.

The good performance of most laboratories for the test solution suggests that extraction,
clean-up and resolution and not instrumental sensitivity, are the main sources of error.
Nevertheless, it should be noted that far less data was submitted for other matrices than for
the test solution probably due to the difficulties associated with real samples. Some of the
laboratories may simply not have been able to submit data on the matrices. There is also a
possibility that laboratories did not report data they were not satisfied themselves.
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The participating laboratories used in-house methods for sample preparation, clean-up, ex-
traction and instrumental analysis. The participants were encouraged to use appropriate
columns for the analyses. Due to lack of information related to each of the in-house proce-
dures applied, and the numerous possible combinations of methods, the variability between
laboratories is difficult to assess. De Boer and Wells (2006) observed that many laborato-
ries, in spite of a better availability of analytical standards and '*C-labelled standards, need
extensive time in order to establish a new analytical method. It is not unlikely that some of
the laboratories had not analysed some of the matrices included in the present interlabora-
tory study, and thus did not have sufficient time to adapt properly to the new methodology
or, because of time constraints, chose to stick to methods they already were familiar with.

4.3 Contaminant group specific performance

The largest deviance from the assigned value was seen for OCP. on average only 62 % of
the data had a satisfactory z-score, as compared to 79 % of dI-PCB and 82 % for
PCDD/PCDF. There are numerous challenges that might have obstructed the analysis OCP
in particular, from decomposition in the injector (dirty liner) to interfering substances and
co-elution in combination with non selective ECD detection (de Boer and Wells, 1997).
Possibly, some laboratories may have used sulphuric acid to remove lipids; however, this
may disintegrate some OCP such as dieldrin (de Boer and Wells, 1997).

OCP like DDTs are easily degraded when the GC is not in the optimum condition (i.e.,
dirty liner), resulting in inaccurate results. For indicator PCB, 69 % of the labs showed an
acceptable z-score. In the QUASIMEME interlaboratory studies, the general performance
of laboratories analysing POPs in sediment was found to be lower for OCP than PCB (de
Boer and Wells, 1997). The authors noted that the vast majority of the participating labora-
tories were not able to the determine OCP levels with an acceptable accuracy. Even though
this was thirteen years ago, it pinpoints some of the challenges encountered by several
laboratories participating in the present study. The major problem with OCP analysis is in
the GC/ECD analysis, which is in fact a compromise for a number of OCP. The ECD is not
specific, the baseline is rather noisy, separation of early eluting compounds is not very
good, and internal standards may not compensate for all losses. The use of GC/MS, even
low resolution MS, together with "°C labelled standards would improve this performance
substantially, as is shown for the analysis of PCDD/PCDF, which are present at lower con-
centrations than the OCP.

4.4 Performance of specific laboratories

The performance of each individual laboratory was variable. A substantial part of the labo-
ratories reported more than 70 % of submitted observations at an acceptable z-score (+ 2).
Four, six and eight laboratories reported even acceptable z-scores for 90 % of reported ob-
servations, for OCP, PCB and PCDD/PCDF/dI-PCB, respectively. Twelve, six and fifteen
laboratories reported 70 %-89 % of observations at an acceptable z-score, for OCP, PCB
and PCDD/PCDF/dI-PCB (on TEQ basis), respectively.
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However, in most laboratories there is still need for further improvement of the analysis. A
few laboratories had a very poor performance and require a substantial improvement in or-
der to obtain a satisfactory analytical level.

The relative amount of submitted results with satisfactory z-scores (+ 2) was between 33 %
and 58 %. Four laboratories (labs 18, 23, 35 and 36) had a low performance for two of
three contaminant groups, and ten laboratories (labs 3, 4, 5, 8, 15, 19, 25, 31, 33 and 37)
scored low on one of the contaminant groups (all laboratories < 60 % of z-scores =+ 2).

4.5 Comparison with other interlaboratory studies

The summary of RSDs for the five test matrices and the groups of POPs are shown in
Table 1. The laboratory performance of PCB in the test solution was in general better (av-
erage RSD = 17 %) compared to a previous interlaboratory study including seven partici-
pants (average RSD = 57 %) (de Boer et al., 2008), suggesting a better calibration of
equipment. For OCP, the difference was slightly less, 19 % vs. 49 %, respectively.

In sediment and fish tissue, the results were in-line with the interlaboratory study from
2008. For the sediment test matrix, the laboratories participating in the present study had an
average RSD value of 42 % and 117 % for PCB and OCP, respectively, in comparison to
150 % and 130 % in the study from 2008 (de Boer et al., 2008). In herring tissue the results
corresponded even more, the present laboratories reporting average RSD values of 83 %
and 70 % for PCB and OCP respectively, in comparison to 65 % and 90 % as for de Boer
et al. (2008).

The results are comparable to an interlaboratory study led by the International Atomic En-
ergy Agency (IAEA), which reported RSD values between 30 % and 150 % for PCB and

OCP in mussel homogenate (Villeneuve et al., 2004). However, when compared to recent
(mainly European) studies such as QUASIMEME, the present results are poorer (de Boer
and Wells, 1997; and references herein).

Table 1.  RSD and number of laboratories after removing obvious outliers

Ash Sediment Fish Milk Standard

RSD n n n RSD n n
TEQpcpp/pepr 18% | 22 19 % 19 18 % 13 16 % 11 8 % 28
TEQpcs 19 % 15 22 % 17 19 % 12| 22% 11 16 % 24
TEQtotal 19 % 17 17 % 16 18 % 12 13 % 11 8 % 23
PCB;, 91%* | 9 35%* | 16| 57 %* | 12 14 % 10 12 % 22
Drins - - 227 %* | 4 40 % 8 29 % 10 15 % 22
Chordanes - - 99 % 8 26 % 8 46 % 9 17 % 19
DDTs - - 29 % 16| 30% 9 31 % 10 14 % 20
HCB - - 26 % 14| 30% 9 25 % 9 14 % 22
Mirex - - 22 % 5 29 % 9 29 % 9 9% 18

* |talic, no outliers removed.

During the UNEP workshop in Hong Kong (26-28 February 2010) the preliminary results
were presented and discussed in detail, the UNEP RSD criteria of 12.5 % was lively dis-
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cussed. This stringent criterion was set by UNEP to assure that the target decrease of POPs
concentration in the core matrices can be monitored: The Guide for the Global Monitoring
Plan (GMP) aims to show a 50 % decline in levels of the POPs over a ten year period. To
demonstrate this decline is one of the decisive factors in the effectiveness evaluation of the
Stockholm Convention (Article 16). This fixed criterion is somewhat different to the often
used ‘floating’ RSD based on the analytical data of all ‘expert’ laboratories after the re-
moval of obvious outliers.

To address this issue, the RSD of the data for the different samples and standard solutions
after removing outliers by using the modified ‘graphical consistency technique’ as de-
scribed in ISO 5725-2:1994 (E) are given in Table 1. These RSDs are often used to calcu-
late z-scores based on the ‘floating” RSD principle (van Bavel, 2008). Figure 3 to Figure 7
illustrate both the floating RSDs and the set 12.5% and 25% criteria are given in. Note that
the figures from the ‘raw’ data files given in Appendix VI also contain obvious outliers,
which in some cases results in extreme high RSDs (> 100 %). The corrected data after out-
lier removal is added to the ‘raw’ data in Appendix V.

As can be seen from Figure 3 (and a Table in the Results chapter), the RSDs for the total
TEQ after outlier removal are very close or below 12.5 %, and corresponding z-scores are
in most cases similar or below the z-scores calculated by using a floating RSD. Also for the
total TEQ for the sediment sample, illustrated in Figure 4, the fish (18 %), the milk (13%)
and ash (19 %) the differences are marginal.

Total TEQ Standard (RSD 8%, n = 23)

(pg/ul)

Participating Laboratories

Figure 3. Results for the total TEQ in the standard solution. Dotted lines represent 1x the
SD and 2x the RSD, the solid red lines represent the 12.5 % and 25 % UNEP
criteria.
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Total TEQ Sediment (RSD 17%, n = 16)

(ng/kg)

- o

Figure 4.
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Participating Laboratories

Results for the total TEQ in the sediment sample. Dotted lines represent 1x the

SD and 2x the RSD, the solid red lines represent the 12.5 % and 25 % UNEP
criteria.

For the PCB results, the milk (Figure 5) and the standard solution (12 %) are in line with
UNEP’s 12.5 % criteria. However, the RSDs for the results of the ash (91 %), the fish
(57 %) and the sediment (35 %) are much larger. This difference is illustrated in Figure 5,
where the results for the indicator PCB are given for the sediment sample.
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Total marker PCBs Sediment (RSD 35%, n = 16)

® ® ® 12.5%

® 12.5%
25%
--------------------------------------------------------- SD

| (nghkg)

NNNNNNNNNNNNNNNNNNNNNNNNNNNN

Participating Laboratories

Figure 5. Results for the marker PCB in the sediment sample. Dotted lines represent 1x
the SD and 2x the RSD, the solid red lines represent the 12.5 % and 25 %
UNERP criteria.

Somewhat surprisingly, the results for the pesticides show much larger variation and larger
RSDs even after outlier removal, both, for the individual compounds mirex and HCB, and
the sum parameter for the chlordanes, DDTs and drins. The RSDs after outlier removal still
varied from 22 % to 227 % for the sediment, fish and milk, and between 9 % and 17 % for
the standard solution. The large variation in the pesticide data is illustrated for the sum of
DDTs in both sediment and fish in Figure 6 and Figure 7, respectively.



1** Worldwide UNEP Intercalibration Study on POPs — Asia Region 21

Total DDTs Fish (RSD 30%, n = 9)

(ng/kg)

Participating Laboratories

Figure 6. Results for the sum of PCB in the fish sample. Dotted lines represent 1x the SD
and 2x the RSD, the red lines represent the 12.5 % and 25 % UNEDP criteria.

Total DDTs Sediment (RSD 29%, n = 16)

(ng/kg)

2SD

Participating Laboratories

Figure 7. Results for the sum of PCB in the sediment sample

Especially when there is a large variation in the data set and outlier removal does not im-
prove the RSDs or is not possible due to the distribution of the data, it is important to cal-
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culate the assigned values as accurate as possible. This importance has been illustrated in
section 2.3, where the Cofino statistical approach is explained. In Table 2, the assigned
values calculated by Cofino statistics and outlier removal are given. Again, the difference
between the two statistical approached is marginal except for some of the pesticides in fish
sample. As illustrated in Figure 6, a limited number of data points and a skewed data dis-
tribution are responsible for this difference. The detailed data is included in the section
“Results” as Table 9.

Table 2.  Assigned values according to Cofino statistics and outlier removal (Intercal)

Ash Sediment Fish Milk Standard
TEQpcpD/PCDF -1% 1% 0% 3% 0%
TEQpcs 4% -2% -1% -8% 0%
TEQotal 1% 4% 0% -5% -1%
PCB 6% 9% 1% -1%
Drins 3% -3% 3%
Chlordanes -7% 9%
DDTs 2% -11% 6%
HCB -3% -11% -8% -1%
Mirex 2% -6% 5% 2%

Taking into account that the aim of the QA/QC effort is that the data generated by the re-
gional laboratories will be made available for the GMP and that within the GMP a decline
of 50 % in levels over a time period of 10 years has to be established, the variation between
qualifying laboratories should not exceed 2x 12.5 % =25 %. Although it will be a chal-
lenge for all laboratories to achieve this, the data support that this is possible especially for
PCDD/PCDF (as TEQpcpp/pepr), dI-PCB (as TEQpcp). For the pesticides and the indicator
PCB, more work is needed and it will be interesting to study the upcoming QA/QC studies
and compare with the results in the other UN regions (especially Africa and GRULAC; the
number of laboratories from CEE region is assumed to be small).

Considering the fact that this is the first phase of the first worldwide interlaboratory study
on POPs, including 38 laboratories and the status and working conditions of many of the
participating laboratories, the outcome is encouraging. However, comparing with some of
the first interlaboratory studies on PCB and OCP in Europe, reporting CVs of 39 % and
41 % (both mean PCB) (Uthe et al., 1988; Anon., 1993), the results presented here are
weaker.
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5. Conclusions

Analytical interlaboratory variability in POPs analysis is well documented (e.g.
Mizikiewicz and Gibbs, 1992; de Boer and Wells, 1997; Holst and Miiller, 2001). Al-
though the present outcome is in line with a recent UNEP interlaboratory on POPs in de-
veloping countries (de Boer et al., 2008), the results were in general poorer than interlabo-
ratory data from Europe during the 1990s and early 2000 (e.g., Rimkus et al., 1993; Boek-
holt, 1993; de Boer et al., 1996; Holst and Miiller, 2001). The results for PCDD/PCDF and
dI-PCB were good and in agreement with and in some cases better than previously reported
for this complex analysis (van Bavel et al., 2008).

An overall good performance on the test solution indicates that calibration is rather satis-
factory at most laboratories. However, a substantial number of laboratories struggled with
the analysis of ‘real” matrices such as sediment and fish.

Poor performance was rather related to a variety of reasons than to one or two specific
parts of the analysis. Laboratories were sometimes biased for certain samples only, some-
times for one or two contaminant groups and sometimes for all contaminants. Specific
contaminants from the OCP group (e.g., dieldrin and endrin) are vulnerable to degradation
during extraction and clean-up as well as a dirty GC system. In addition, ECD detection is
commonly used for detection of OCP and because of interferences, inaccurate results can
easily be obtained. It is assumed that application of GC/MS systems would substantially
improve the OCP results.

In general, the performance of OECD laboratories did not differ substantially from the per-
formance of laboratories from developing countries, suggesting a fast development and
improvement of POPs analysis in the latter group. Furthermore, the results emphasise the
need for all laboratories to pay more attention to quality assurance (QA) and method de-
velopment. Furthermore, it is imperative that authorities, management and others provide
the resources necessary for an adequate QA-scheme in each laboratory. Regular, routine
analyses instead of one-off projects would help to build up the required level of experience
for this type of analysis.
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8. Appendices

8.1 List of Participating Laboratories

Name

Region

e-mail

Gavin Stevenson / Alan Yates

Department of Innovation, Industry, Science
and Research

National Measurement Institute

1 Suakin Street

Pymble, 2073

Australia

WEOG

Gavin.Stevenson(@measurement.gov.au
Alan.Yates(@measurement.gov.au

Dr. Takuya Shiozaki

Environmental Science Department, East
Japan Branch

Japan Environmental Sanitation Center
Kanagawa-pref. 210-0828
Kawasaki-City

Japan

Asia

takuya shiozaki@jesc.or.jp

Horst Rottler
Oekometric GmbH
Bernecker Str. 17-21
Bayreuth, D-95448
Germany

WEOG

rottler@oekometric.de

Prof. Dr. Dr.hc. Takumi Takasuga
Analytical division, R&D department
Shimadzu Techno-Research Inc.
Kyoto 604-8435,

Japan

Asia

t takasuga0O@shimadzu-techno.co.jp

Yasuhiro Yoneda / Shoji Tenma
TOWA Environment Science Co., Ltd.
Technical Center

2-10-37, Dejima, Minami-ku
Hiroshima City

Japan

Asia

yoneda@mail.towakagaku.co.jp
s-tenma(@mail.towakagaku.co.jp

Dr. Bernhard Henkelmann

Institut fiir Okologische Chemie
Helmholtz Zentrum Miinchen (GmbH)
Ingolstddter Landstraf3e 1

Neuherberg, D-85764

Germany

WEOG

henkelmann@helmholtz-muenchen.de
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Tatsuya Hattori Asia tatsuya@ideacon.co.jp
Institute of Environmental Ecology
IDEA Consultants, Inc.

Riemon 1334-5

Yaizu-City

421-0212 Shizuoka

Japan

Dr. Leondios Leondiadis WEOG | leondi@rrp.demokritos.gr
National Centre for Scientific Research
"Demokritos"

NCSR "Demokritos"

153 10 Ag. Paraskevi

Athens,

Greece

Yoon-Seok Chang Asia yschang@postech.ac.kr
POSTECH - Scientific Environmental
Analysis Laboratory

School of Environmental Science & Engi-
neering

San 31, Hyojadong, NamGu, Pohang
Kyungbuk

Korea

Maria Cristina Cristofori, Davide Zerbi- | WEOG | maria.cristina.cristofori@syndial.it
nati davide.zerbinati@syndial.it
SYNDIAL S.p.A (ENI group)
Centro Igiene e Protezione Ambiente
P.le Donegani, 12

Ferrara

Italy

Dale Hoover WEOG | dhoover@axys.com
Axys Analytical Services Ltd.
P.O. Box 2219

2045 Mills Road West
Sidney BC, V8L 5X2

Canada

Maria Angeles Martinez Calvo / Paloma | WEOG | ma.martinez@ciemat.es

Sanz paloma.sanz(@ciemat.es
CIEMAT - Laboratorio de Analisis de COPs miguelangel.concejero@ciemat.es
Avda. Complutense 22, Edificio 20

Madrid

Spain

Katharina B. Lgken / Elisabeth Lie WEOG | Katharina.Loken@veths.no

Laboratory of Environmental Toxicology
Norwegian School of Veterinary Science
Box 8146, Dep.

0033 Oslo,Norway
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Name

Region

e-mail

Jana Klanova
RECETOX
Masaryk University
Kamenice 126/3
62500 Brno

Czech Republic

WEOG

klanova@recetox.muni.cz

Dr. Yongning Wu

Monitoring and Control of Contaminants
and Residues

National Institute of Nutrition and Food
Safety - China CDC

29, Nanwei Road

Beijing

People's Republic of China

Asia

wuyn@public.bta.net.cn
wuyncdc@yahoo.com.cn

Dr. Jingguang Li

National Institute of Nutrition and Food
Safety

29 Nanwei Road

Beijing, 100050

People's Republic of China

Asia

lichrom@yahoo.com.cn

Bingjian Yang

Dr. Bingjian Yang

Ningbo Environmental Monitoring Center
(NEMC)

No. 105, Baoshan Road

Haishu District, Zhejiang Province
Ningbo City,

People's Republic of China

Asia

yangbingjian1977@163.com

Prof. Minhui Zheng / Dr. Lirong Gao
Research Center for Eco-Environmental
Sciences

Chinese Academy of Sciences

Dioxin Laboratory

Institute for Environmental Reference Mate-
rials (IERM)

Ministry of Environmental Protection
No.1 Yuhui Nanlu

Chaoyang District

Beijing, 100029

People's Republic of China

Asia

gaolr@rcees.ac.cn
zhengmh(@rcees.ac.cn
gaolrong(@yahoo.com.cn
fang.liping@ierm.com.cn

Dr. Honghai Tian / Dr. Huang Yeru
National Research Center for Environmental
Analysis and Measurements (CNEAC)

No.1 Yuhui Nanlu

Chaoyang District

Beijing

People's Republic of China

Asia

hhtian@?263.net.cn
usepal613@163.com
yrhuang(@cneac.com
livaimin@hotmail.com
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Dr. Juan Li Asia 1i12002(@126.com
Jiangsu Environmental Monitoring Center
241 Fenghuang West Street

Nanjing, 210036

Jiangsu province

People's Republic of China

Dengyunyun / Yinhaowen Asia juicedyy@126.com
Bioassay and Safety Assessment laboratory yinhw(@sapm-bsal.com
1500 Zhangheng Road

Zhangjiang Hi-tech Park
Shanghai, 201203
People's Republic of China

Dr Liu Jinsong Asia 1iu70923@163.com
Zhejiang Environmental Monitoring Center
No 117, Xueyuan Road

Hangzhou, 310012

People's Republic of China

Dr. Zhongxiang Wu / Liping Fang Asia wu.zhongxiang@ierm.com.cn
Institute for Environmental Reference Mate- fang.liping@ierm.com.cn
rials (IERM)

Ministry of Environmental Protection
No.1 Yuhui Nanlu

Chaoyang District

Beijing, 100029

People's Republic of China

Dr. Yong-mei Yu Asia yuyongmei@baosteel.com
Environment & Resources Institute
Baoshan Iron & Steel Co., LTD.
Baosteel R & D Center

889 Fujin Road

Baoshan District

Shanghai, 201900

People's Republic of China

Dr. Jun Huang Asia huangjun@tsinghua.edu.cn
Department of Environmental Science and weilyixin@hotmail.com
Engineering

Tsinghua University

POPs Research Center
No.1 Qinghuayuan
Haidan District

Beijing, 100084

People's Republic of China

Dr. Yan Jianhua/ Dr. Tong Chen Asia yanjh@zju.edu.cn
Institute of Thermal Power Engineering, chentong@zju.edu.cn
Zhejiang University

38 Zheda Road

Hangzhou

People's Republic of China
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e-mail

Dr. Sukun Zhang

South-China Subcenter of StateEnviron-
mental Dioxins-Monitoring Center, SCIES-
MEP

No.7 West Street

Yuancun 510655

Guangzhou

People's Republic of China

Asia

zhangsukun(@scies.org

Dr. Jianfang Hu / Prof. Gan Zhang
SKLOG - State Key Laboratory of Organic
Geochemistry

No. 511, Kehua Street

Wushan District

Guangzhou

People's Republic of China

Asia

hujf@gig.ac.cn

Dr. Yuwen Ni

Advanced Analytical Center of Dalian Insti-
tute of Chemical Physics

Chinese Academy of Sciences

457 Zhongshan Road

Dalian

People's Republic of China

Asia

yuwenni(@dicp.ac.cn

Prof. Zongwei Cai
Department of Chemistry
Dioxin Analysis Laboratory
Hong Kong Baptist University
Kowloon Tong

Hongkong,

People's Republic of China

Asia

zwcai(@hkbu.edu.hk

Dr. Shu-ki Tsui /Janet Wong

HKSAR

The Government of the Hong Kong Special
Administration Region

Government Laboratory

7/F, Ho Man Tin Government Offices

88 Chung Hau Street

Ho Man Tin

Kowloon

People's Republic of China

Asia

sktsui@govtlab.gov.hk
sywong2(@govtlab.gov.hk
chlam2@govtlab.gov.hk

Waisea Votadroka

Institute of Applied Sciences
University of the South Pacific
Suva

Fiji Islands

Asia

votadroka w(@usp.ac.f]
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Dr. Anbu Munusamy Asia anbumunusamy@hotmail.com
National Institute for Interdisciplinary Sci-
ence and Technology

CSIR

Trivandrum, 695019

India

Dr. S.D. Makhijani / Dr. C.S. Sharma Asia sccss.cpeb@nic.in
National Reference Trace Organics Labora- sdm.cpcb@nic.in

tory sdmakhijani@yahoo.com

Central Pollution Control Board
Ministry of Environment and Forests

Dr. Aishah A. Latiff Asia aishah@dccusm.com
Penang Doping Control Centre
University Science Malaysia
Penang

Malaysia

Yanling Qiu Asia ylgiu@tongji.edu.cn
State Key Laboratory of Pollution Control
and Resource Reuse

Tongji Univ

Shanghai

China

Trinh Khac Sau Asia sau_tk@yahoo.com
Vietnam-Russian Tropical Centre (VRTC)
Nguyen Van Huyen Str.

Nghia Do award, Cau Giay dist.

Hanoi

Vietnam

Prof. Dr. Pham Hung Viet Asia vietph@hn.vnn.vn

Hanoi University of Science, Vietnam Na- phammanhhoai@yahoo.com
tional University

Research Centre for Environmental Tech-
nology and Sustainable Development
(CETASD)

T3 Building, 334 Nguyen Trai Street
Thanh Xuan District

Hanoi

Vietnam
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